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We investigate the gate-voltage dependence of the magnetoconductivity of several amorphous
InGaZnO4 (a-IGZO) thin-film transistors (TFTs). The magnetoconductivity exhibits gate-voltage-
controlled competitions between weak localization (WL) and weak antilocalization (WAL), and the
respective weights of WL and WAL contributions demonstrate an intriguing universal dependence
on the channel conductivity regardless of the difference in the electrical characteristics of the a-IGZO
TFTs. Our findings help build a theoretical interpretation of the competing WL and WAL observed
in the electron systems in a-IGZO TFTs.
Extensive use of integrated circuits with low power
consumption [1] is required in the fabrication of mod-
ern electronic devices. Among these consumer prod-
ucts, thin-film-transistor (TFT) nonvolatile memory de-
vices based on oxide semiconductors have recently at-
tracted great attention owing to their potential applica-
tion in flexible system-on-panel displays [2–5]. Amor-
phous InGaZnO4 (a-IGZO) TFTs, in particular, have
several advantages over other transparent conducting ox-
ides, such as high field-effect mobilities [6–11], small sub-
threshold swings with low off-state currents [12], good
uniformity, and tunable carrier concentrations even when
deposited at room temperature [13, 14]. Therefore, they
are a promising alternative to amorphous silicon TFTs
as switching and driving devices for application in active-
matrix liquid-crystal displays and organic light-emitting
diode displays.
Apart from the investigation of a few quality issues
of a-IGZO TFTs for practical applications conducted
so far [15–17], research on their fundamental electrical
properties at low temperatures is necessary for explor-
ing quantum corrections to the conductivity of these car-
rier systems with disorders. Quantum interference and
weak localization have been studied in electron systems
in various materials [18–25] . InZnO semiconductor films
and nanowires, in particular, have raised special interest
because of their intricate physical properties and poten-
tial applications in nanoelectronic and spintronic devices
[26–33]. However, few comprehensive in-depth studies
of the low-temperature electrical transports in InZnO
and similar multicomponent oxide semiconductors were
condected. Recently, we reported an intriguing obser-
vation of controllable competition between weak local-
ization (WL) and weak antilocalization (WAL) in the
electron systems in a-IGZO TFTs under variation of the
gate voltage or the temperature [34], but the underlying
mechanism remains undetermined. More studies are re-
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quired to further understand the quantum interference in
these systems.
In this work, we extend our study of the competing
WL and WAL observed in a-IGZO TFTs by examining
the low-temperature channel magnetoconductivity (MC)
of a series of a-IGZO TFTs with various channel di-
mensions. Manipulated via electric gating, the MC of
all the samples reveals interesting competitions between
WL and WAL at small magnetic fields, where the WAL
component grows drastically with increasing gate voltage
and the WL component stays steady but small. Further
analyses of the WL and WAL components for all sam-
ples with different electrical characteristics reveal an in-
triguing universal dependence on the channel conductiv-
ity. The finding of this universal behavior helps provide a
theoretical interpretation of the competing WL and WAL
observed in the two-dimensional (2D) carrier systems in
a-IGZO TFTs.
The a-IGZO TFTs based on an etch-stopper struc-
ture with passivation capping were fabricated on glass
substrates. 300-nm-thick Ti/Al/Ti was first deposited
as the gate electrodes by radio-frequency magnetic sput-
tering, followed by a 300-nm-thick SiNx gate insulating
layer using plasma-enhanced chemical vapor deposition.
Next, 60-nm-thick a-IGZO was deposited by sputtering
at room temperature to serve as the channel layer, fol-
lowed by sputter deposition of a 200-nm-thick organic
material as the etching stop layer, and then 300-nm-thick
Ti/Al/Ti as the source and drain electrodes. The fabrica-
tion was finished with sputter deposition of 200-nm-thick
organic material as the passivation layer. The geometries
of the channel and the electrodes were patterned using
standard photolithography techniques.
In our experiment, we performed electrical measure-
ments by monitoring the source-to-drain currents (IS)
when applying source-to-drain voltages (VS) and gate-to-
drain voltages (VG) to several a-IGZO TFTs with chan-
nel lengths (L) and widths (W ) ranging from 2 to 16
µm. The room-temperature measurements on our TFT
samples show that the threshold gate voltages (VT) lie
between −4.5 and 0.9 V, the subthreshold swings (SS
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FIG. 1. Source currents (IS) of a representative a-IGZO
TFT (W16L16) as functions of the gate voltage (VG) at room
temperature with VS = 0.1 V and at T = 30 K with VS = 20
V, where VS is the source-to-drain voltage.
TABLE I. Channel dimensions and low-temperature (30-K)
electrical characterization of the representative a-IGZO TFT
samples.
Sample
W
(µm)
L
(µm)
VT
(V)
SS
(V/decade)
σ22V
a
(10-6e2/h)
W16L4 16 4 −2.0 3.1 127
W16L8 16 8 2.9 7.2 48.6
W16L16 16 16 11.4 6.1 72.1
W2L12 2 12 11.0 b 4.3 b 205b
a As an example to demonstrate the difference among the transport
properties of the samples, σ22V is the 2D channel conductivity at
zero magnetic field at a moderate fixed (VG − VT) value of 22 V.
b VT, SS, and σ22V in this table are measured at VS = 20 V, except
those of W2L12, which are measured at VS = 40 V.
= dVG/d(log IS)) lie between 0.3 and 1.3 V/decade, and
the mobilities lie between 4.2 and 17 cm2/Vs. These
characteristics differ moderately and somewhat randomly
from sample to sample without direct relation to the vari-
ation of the channel dimensions. As each sample is cooled
to cryogenic temperatures (T ), the mobility decreases,
while VT and SS increase, with VT starting to show a
tendency to increase with L for any fixed W . At the
base temperature, which is 1.5 K for our cryogenic sys-
tem, samples with large L/W get “frozen”, making IS
undetectable even under considerable VG and VS. There-
fore, as one of the control variables, a fixed T of 30 K
has been chosen for the following experiment to obtain IS
with reasonable signal-to-noise ratios for all the samples,
while the electron systems in a-IGZO TFTs are still kept
in the quantum diffusive regime [27, 34]. Typical IS–VG
characteristics of an a-IGZO TFT at room temperature
and at 30 K can be seen from a representative sample
shown in Fig. 1.
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FIG. 2. Normalized magnetoconductivity (∆σ) of represen-
tative a-IGZO TFTs as functions of the magnetic field (B)
at various fixed gate voltages (VG) at T = 30 K. Samples (a)
W16L4, (b) W16L8, and (c) W16L16 are operated at VS = 20
V, while (d) W2L12 is operated at VS = 40 V. Traces are ver-
tically offset for clarity with horizontal dashed lines indicating
the corresponding zeros. Theoretical fits (Eq. 1) are shown as
solid smooth lines.
The quantum magnetotransport properties of the a-
IGZO TFTs are investigated at T = 30 K in the presence
of magnetic fields (B) perpendicular to the channel plane.
Basic information of the representative samples to be pre-
sented in this paper is listed in Table I. Shown in Figs. 2a–
2c are the normalized MC traces (∆σ(B) = σ(B)−σ(0))
as functions of B at various VG with a fixed VS of 20 V
for samples W16L4, W16L8, and W16L16, respectively.
W2L12 in Fig. 2d, however, uses VS = 40 V instead for
its long narrow channel to achieve IS with acceptable
signal-to-noise ratios. Here, the conductivity σ is defined
as IS/VS · L/W , i.e., the 2D conductivity of the channel.
The traces are vertically offset for clarity with horizontal
dashed lines indicating the corresponding zeros. All the
∆σ(B) traces are symmetric about B = 0, but only the
portions under positive B are shown for simplicity. These
samples exhibit similar interesting features of ∆σ(B) as
VG is varied. At the highest VG applied to each sam-
ple, ∆σ(B) slightly increases with B up to B ∼ 0.04 T,
3demonstrating a WL signature. At higher B, however,
the trace curve then bends over to WAL and decreases
substantially. If VG is decreased, the ∆σ(B) traces of all
the samples undergo similar transitions—the maximum
of ∆σ(B) is gradually suppressed and then smeared into
a plateau below B ∼ 0.05 T at a smaller VG, while the
descent of ∆σ(B) under higher B remains significant.
When VG drops further, approaching VT, the B depen-
dence of the entire ∆σ trace fades out, exhibiting a be-
havior like a unitary state [18]. These behaviors imply
that, in a-IGZO TFTs, competitions between WL and
WAL occur and can be controlled by VG.
To analyze the respective contributions of WL and
WAL for each ∆σ(B) trace, we use the two-component
Hikami–Larkin–Nagaoka (HLN) theory for the MC of a
2D system [18, 35, 36]:
∆σ(B) = A
∑
i=0,1
αie
2
πh
[
Ψ
(
ℓ2B
ℓ2φi
+
1
2
)
− ln
(
ℓ2B
ℓ2φi
)]
, (1)
where Ψ is the digamma function, ℓB ≡
√
~/(e|B|)/2
is half the magnetic length, the prefactors α0 and α1
stand for the weights of WL and WAL contributions,
respectively, and ℓφi is the corresponding phase coher-
ence length. A is a small coefficient of 10−4, which we
have added to the original two-component HLN equa-
tion to adequately present the nontrivial information re-
trieved from the seriously suppressed conduction of a-
IGZO TFTs at low temperatures [34]. Eq. 1 provides
excellent fits to the data, which are displayed as solid
smooth lines in Fig. 2. α0 and α1 obtained from the fits
for all the samples are summarized in Fig. 3a as functions
of (VG − VT), where VT is the threshold gate voltage of
each respective sample. ℓφi values deduced from the fit-
tings are on the order of ∼10−1 µm, which is considerably
smaller than the channel dimensions.
Examination of Fig. 3a shows that all the samples
share similar evolutions of α0 and α1 when within their
respective ranges of operating VG. In these operating
ranges, |α1| (the prefactors for WAL) drop considerably
from ∼0.3 to ∼0.1 as VG is decreased, whereas α0 (the
prefactors for WL) stay near 0.1. This indicates a dras-
tically decreasing WAL component accompanied by a
small but relatively steadyWL contribution for each sam-
ple as VG is decreased. When a sample approaches its
unitary-like state, α1 becomes close to −α0, leading to a
flattened trace of ∆σ vs. B.
The magnitudes of IS of the samples in this experi-
ment bear considerable diversity, with W2L12 giving only
IS = 5.2×10
−8 A at VG = 33 V and VS = 40 V, compared
to W16L4’s IS = 6.3×10
−7 A at VG = 23 V and VS = 20
V. The basic electrical characteristics also vary from sam-
ple to sample as shown in Table I. Therefore, it is not
surprising to find in Fig. 3a that the value of α1 of each
sample evolves with (VG − VT) at its own different pace.
(The difference in α0 may not be observable because their
values inherently stay ∼0.1 for our samples.) However, if
α0 and α1 are plotted against the channel conductivity at
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FIG. 3. α0 (the prefactor for WL) and α1 (the prefactor for
WAL) obtained from the theoretical fits in Fig. 2 as functions
of (a) VG − VT, and (b) the channel conductivity at B = 0
(σ(B = 0)), except for the crosses in (b), which is obtained
from the analysis of another measurement on W16L8 at a
fixed VG of 29 V with VS varied from 6 to 26 V. VT is the
threshold gate voltage of each respective sample.
zero magnetic field (σ(B = 0)), as illustrated in Fig. 3b,
each of them collapses onto a universal linear curve, in-
dicating that the competition between WL and WAL is
determined by some variable that also controls the zero-
magnetic-field channel conductivity. Samples other than
the four representatives, though not shown in this paper,
also have their αi vs. σ(B = 0) curves coincide with the
universal one. Variations in other electrical character-
istics, including VT, SS, and the mobility, do not affect
the respective weights of WL and WAL contributions, at
least within the scopes studied in this experiment. More-
over, alterations in VS also manifest this universal behav-
ior. The crosses displayed in Fig. 3b are obtained from
the analysis of another representative measurement on
W16L8 at a fixed VG of 29 V with VS varied from 6 to 26
V, leading to a moderate rise in σ(B = 0) until σ(B = 0)
saturates at an even higher VS. This set of data also falls
onto the universal curve. The intriguing universal depen-
dence on the channel conductivity of the WL and WAL
contributions indicates a certain correlation between the
quantum interference and the overall transport perfor-
mance. This should provide important information for
future theoretical research.
The gate voltage of the a-IGZO TFT is successfully
utilized in our experiment to control the competition be-
tween WL and WAL. WL and WAL behaviors are also
studied for a-IGZO films [27, 28], and a crossover from
WL to WAL has been found in samples with stronger
spin–orbit scattering as T is decreased to sufficiently low
4temperatures. With electric gating, our a-IGZO TFT
devices provide a feasible option other than temperature
variation to manipulate the quantum interference in a-
IGZO. It is noted that the WAL behaviors in our devices
survive at higher T (> 40 K) [34] compared to those ob-
served in some a-IGZO films [27, 28]. This is probably
due to stronger spin–orbit disorder in our samples.
Gate-voltage-controlled competitions between WL and
WAL are also found in the surface states of topological in-
sulators [37]. The theoretical interpretation of those ob-
servations is that α0 and α1 are determined by the ratio
of the gap opening at the Dirac point to the Fermi energy
[35, 36], which can be manipulated via electric gating. In
the attempt to construct an explanation for the compet-
ing WL and WAL observed in a-IGZO TFTs, it seems
plausible to associate σ(B = 0) with the Fermi-level po-
sition relative to the band structure, with a reminder
that the gate bias on a TFT has an effect of band bend-
ing. Therefore, the universal dependence on σ(B = 0)
of the WL and WAL components observed for a-IGZO
TFTs may suggest a similar theoretical interpretation for
the gate-voltage-controlled competitions. However, the
mechanism that induces the crossover between WL and
WAL remains unclear. Besides, with the quantum inter-
ference correction to σ(B = 0) coming into play, theoret-
ical calculations are needed to confirm the correlations
among σ(B = 0), the relative Fermi-level position, and
the weights of WL and WAL for a-IGZO TFTs. More
theoretical studies are required to fully understand the
underlying physics.
In summary, we have measured the MC of several a-
IGZO TFTs with various electrical characteristics at a
cryogenic temperature of 30 K. The MC of each sam-
ple at a large (VG − VT) slightly increases with B up to
B ∼ 0.04 T, exhibiting a WL behavior, but then bends
over to WAL and decreases substantially at higher B.
The maximum of the MC curve is gradually suppressed
into a plateau below B ∼ 0.05 T with decreasing VG,
before the entire trace of MC as a function of B is flat-
tened into the unitary class at an even lower VG. A data
analysis using the two-component HLN theory reveals
a gate-voltage-controlled competition between WL and
WAL, where the WL component remains near a small
value, while the WAL component grows drastically with
increasing VG. Further examination of the WL and WAL
components for all samples reveals an intriguing universal
dependence on the zero-magnetic-field channel conduc-
tivity. This may imply that the gate-voltage-controlled
competition between WL and WAL can be interpreted
in terms of the quantum interference being tuned by the
Fermi-level position relative to the band structure. How-
ever, more theoretical studies are necessary to fully un-
derstand the underlying physics of the competing WL
and WAL in the carrier systems hosted in a-IGZO TFTs.
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